The levels of several enzymes involved in assimilation of different nitrogen compounds were investigated in Streptomyces cfavuligerus in relation to the nitrogen source supplied to the cultures. Threonine dehydratase, serine dehydratase, proline dehydrogenase, histidase and urocanase were not decreased in the presence of ammonium. The latter two enzymes were induced by histidine in the culture medium, while proline dehydrogenase was induced by proline. Glutamine synthetase, urease and ornithine aminotransferase levels were higher with poor nitrogen sources and were repressed by ammonium. Arginase was induced by arginine and repressed by ammonium. Glutamine synthetase was rapidly inactivated upon addition of ammonium to the culture, and could be reactivated in vitro by treatment with snake venom phosphodiesterase, which suggested that adenylylation is involved in the inactivation. Three previously isolated mutants with abnormal glutamine synthetase activities showed pleiotropic effects on urease formation. All these data point to a mechanism controlling preferential utilization of some nitrogen sources in this species.
INTRODUCTION
The existence in bacteria of regulatory networks (regulons) that control sets of genes in response to environmental stimuli has been recognized for some time (Gottesman, 1984) . Many of these regulons respond to nutritional conditions, in particular to the availability of carbon, nitrogen or phosphorus, but most of the information available deals only with enteric bacteria. The possible existence of similar mechanisms of control in members of the genus Streptomyces has usually been investigated in connection with antibiotic production (Martin & Demain, 1980) , whose regulation may differ from that in primary metabolism. Only in the case of carbon catabolite repression is there increasing evidence for a circuit controlling utilization of different sugars (Hodgson, 1982;  Sen0 & Chater, 1983; Fornwald et al., 1987) . Glucose kinase seems to play a role in this system (Ikeda et al., 1984; Virolle & Bibb, 1988) , which apparently differs from the regulatory mechanism found in the enteric bacteria.
The influence of nitrogen sources on secondary metabolism in Streptomyces is well established (Braiia & Demain, 1988) , but it remains to be elucidated whether there is a regulatory circuit controlling preferences in nitrogen source utilization. There are scattered reports in the literature, sometimes contradictory, on several Streptomyces species. For example, proline utilization was delayed in the presence of ammonium in Streptomyces niveus (Kominek, 1972) , but not in Streptomyces venezuelae (Shapiro & Vining, 1985) . In the latter species, ammonium prevented nitrate utilization, but no nitrogen control of nitrate reductase was observed (Shapiro & Vining, 1984) . Valine dehydrogenase was repressed by ammonium in Streptomyces fradiae (Omura & Tanaka, 1985) but not in Streptomyces aureofaciens (Vancurovi et af., 1988); Histidase (EC 4.3.1.3) and urocanuse (EC 4.2.1.49) were estimated in crude extracts prepared in 50 m~-Tris/HCl pH 7-2 containing 10 mi-MgSO,, 14 mM-KCl and 0.1 mMdithiothreito1. Assays were performed as described by Kendrick & Wheelis (1982) at pH 8.5 (histidase) or 7.2 (urocanase). The procedure of Pardee & Prestidge (1955) was fdowed for the determination of L-threonine dehydrutuse (EC 4 . 2 . 1 . 1 6 ) and L-wrine dehydratuse (EC 4.2.1.13) at pH 9.5 and 6.5, respectively; L-threonine dehydrogenuse (EC I. I. I . 103) was assayed as desc~bed by Newman er al. (1976) . Extracts for these enzymes were prepared in 50 m-phosphate buffer, pH 7.2. Assays for the following enzymes were made with crude extracts prepared in 10 m~-MOPS pH 7.2 containing 1 mM-MnC1,. GS was assayed as y-glutamyltransferase activity, as described previously (Braiia et uf., 1986) . Urease (EC 3.5.1.5) activity was measured by following the release of ammonium from urea in a reaction mixture containing 5 pmol urea in a final volume of 0.5 ml30 mM-phosphate buffer pH 7.3; ammonium formation was measured by the phenol/hypochlorite method (Weatherbum, 1967) . The reaction mixture for the assay of urginase (EC 3.5.3.2) was composed of 100 pmol L-arginine (PH 9.0) and 0.5 pmol MnCI, in a final volume of 0.5 ml 10 w-Tris/HCl. The reaction was stopped at intervals with 1 vol. cold 10% (w/v) trichloroacetic acid (TCA). After 30 min on ice, the precipitated protein was removed by centrifugation (12000 g, 15 min, 4 "C), and the ornithine present in the supernatant measured by high-performance liquid chromatography (HPLC) after derivatization with o-phthaldialdehyde (Hill et ul., 1979) . The column was a Nova-Pak C18 radial compression cartridge (0.8 x 10 cm; Waters)equilibrated with acetonitrile/l2.5 mM-Na,HPO, pH 7.2 (40 :60, vlv). Ornithine was eluted with a linear gradient from 40% to 60% acetonitrile in 4 min, at a flow rate of 2 ml min-l. No ornithine was produced in reaction mixtures lacking arginine. Ornithine uminotrumferase (OAT, EC 2.6. I . 13) was measured by spectrophotometric determination of the A'-pyrroline karboxylate produced, using the assay method of Friedrich et al. (1978) , at pH 84. Control reactions without 2sxoglutarate were run in parallel. Maltuse (EC 3.2.1.20) was determined according to Zimmerman & Eaton (1974) . The pH was optimized in all the assays except in the case of maltase and proline dehydrogenase. A unit (U) of activity is defined as the amount of enzyme that produces 1 pmol product min-l under standard assay conditions. Activities were normalized by the protein content of the crude extracts or permeabilized cells, measured by the Lowry method. The values given in Tables are the means of at least two independent experiments. Standard deviations were within 15 % of the mean values represented.
Reactication qfCS. Crude extracts from cells grown to exponential phase, with or without previous ammonium shock (Braiia et al ~ 1986), were prepared in 20 mwimidazolelHC1 pH 7-3, containing 2.5 mwMnC1,. The extracts were incubated at 35 'C with snake venom phosphodiesterase (SVPDE, Boehringer Mannheim) at 100 pg ml-*, and the GS activity determined at intervals (Streicher & Tyler, 1981) .
Amino acid analysis. Residual amino acids in the culture media were determined by HPLC (Hill et al., 1979) . Proline, which is nat derivatized by this method, was measured colorimetrically as described by Shapiro & Vining (1983) . To extract the intracellular pool of free amino acids, a volume of culture containing 20 mg cells (dry cell weight) was filtered and washed with 10 m -M O P S pH 7.0. The filter with the cells was immediately immersed in I ml methanol and stored at -20 "C. Extraction was completed with TCA as described by Braiia et al. (1986) and the amino acids determined by HPLC.
RESULTS

Reactication of GS
The GS of S. claruiigerus is rapidly inactivated when ammonium is added to a derepressed culture (Braiia et al., 1986) . When a crude extract prepared from ammonium-shocked cells was incubated with SVPDE, GS activity increased up to the level of a non-shocked control extract (Fig. 1) . A slow spontaneous reactivation was observed during incubation in the absence of SVPDE. Previous heating of the extracts at 60 "C for 30 min did not affect GS activity, but it eliminated spontaneous reactivation, although GS could still be reactivated normally by later incubation with SVPDE. Thus, the spontaneous reactivation was likely to be due to some endogenous enzyme activity that is destroyed by the heat treatment.
Crude extracts obtained from exponential-phase cultures growing with different single nitrogen sources were treated with SVPDE to investigate the extent of GS modification during growth in each case. Extracts from ammonium-shocked cells were used in parallel to ensure that the reaction had been complete. The degree of reactivation obtained was variable, depending on the nitrogen source, ranging from a 21 3', increase in GS activity (with NH,Cl) to negligible reactivation (with proline).
Nitrogen cantroi in wild-type S. clavuligerus
The regulation of several enzymes involved in the catabolism of nitrogen sources was examined in relation to the composition of the culture medium. Proline dehydrogenase activity was detected in cells permeahilized by freezing and thawing. Other permeabilizing treatments (toluene, acetone, hexadecyltrimethylarnmoniurn bromide) or the use of intact cells or crude extracts resulted in much lower proline dehydrogenase activities. As shown in Table 1 Residual ammonium (0) or amino acids (n> in the culture medium were determined as described in Methods. The experiment was done in duplicate and the extrapolated concentration of residual nitrogen source at any given dry cell weight had SD values lower than 8% of the mean. The data shown are from one experiment. 
Proline + NH4Cl
1-21
Proline + NH4Cl + Glutamine 0.95
Glutamate, alanine and proline were used at 30 mM, glutamine at 15 mM and NH4C1 at 40 mM. * Amino acids were used at a concentration providing 30 m~ nitrogen. NH4Cl was added at 40 mM.
dehydrogenase levels increased when proline was present in the culture medium, even in the presence of ammonium or glutamine plus ammonium. Furthermore, ammonium did not prevent utilization of proline when the cells were grown with a mixture of these two nitrogen sources (Fig. 2a) . Both histidase and urocanase were induced in the presence of histidine, either as a sole nitrogen source or in combination with other nitrogen compounds, including glutamine or ammonium ( Table 2) . Two enzyme activities, threonine dehydratase and serine dehydratase, involved in hydroxy amino acid metabolism, were detected in crude extracts, while threonine dehydrogenase activity could not be found. These enzymes were not inhibited in vitro by L-isoleucine at concentrations up to 10 mM, which suggested their catabolic role. However, the activities found in media with threonine as a nitrogen source (no growth was observed in liquid MF medium with serine as sole nitrogen source) were not lowered when the medium was supplemented with ammonium (Table  3 ). In fact, higher activities were found in the presence of ammonium, even when it was provided as the only source of nitrogen. Furthermore, threonine and NH4Cl were utilized simultaneously during growth in MF medium with a mixture of these compounds (Fig. 2b) , confirming that ammonium does not prevent threonine catabolism.
Determination of GS and urease levels in extracts of cells growing with a variety of nitrogen sources showed two well-differentiated situations (Table 4) . When the cells were incubated with nityogen sources that resulted in low GS activities, which may be interpreted as nitrogen-excess conditions, the corresponding urease levels were very low. Conversely, those cases where GS activity was high correlated with high urease activity. Addition of ammonium to media supporting high GS values resulted in low activities of both enzymes.
The activities of two enzymes involved in arginine catabolism, arginase and OAT, were also influenced by the nature of the nitrogen source employed ( Table 5) . Although low levels of OAT were always found, the activity of this enzyme increased in cultures growing with nitrogen sources that resulted in high GS levels. Among the nitrogen compounds tested, arginase increased only with arginine. Addition of ammonium or glutamine plus ammonium reversed the induction effect of arginine and decreased OAT activity to the basal level. The possibility that the ammonium effect could be due to a phenomenon of inducer-exclusion was tested by v . BASCARAN, c . HARDISSON A N D A . F. B measuring the intracellular content of arginine in cells grown with different nitrogen sources ( Table 5) . A high intracellular pool of arginine was found whenever arginine was used in the medium. Ammonium or glutamine plus ammonium slightly reduced the arginine pool but the values obtained in these cases were well above that of a control culture without arginine. Thus, it seems likely that ammonium did not severely impair the entry of arginine into the cells. In cultures supplied with a mixture of ammonium and arginine, the former was used preferentially, with very little arginine being catabolized (Fig. 2c) . Both types of evidence thus suggest a nitrogen control of arginine utilization. Cells growing in MF medium with arginine plus glutamate plus ammonium had low activities of the four nitrogen-controlled enzymes (GS, urease, arginase and OAT). Upon transfer of these cells to M F medium with atginine as the sole nitrogen source, all four activities increased (measured after 5 h of incubation in the new medium), but this increase was prevented by chloramphenicol(lO0 pg ml-l) or rifampicin (15 pg m1-I) (data not shown), suggesting that the formation of these enzymes was nitrogen-repressed at the transcriptional level.
Nitrogen control in S . clavuligerus mutants
Using GS and urease as a model of nitrogen-controlled enzymes, we have investigated the regulatory behaviour of three mutants of S. clavuligerus with alterations in ammonium assimilation. The M 15 strain, devoid of significant alanine dehydrogenase activity, produces high GS levels even in repressive media, except when ammonium is the nitrogen source (Braiia et al., 1986) . When urease activities were measured in this mutant, a coordinate derepression of GS and urease was observed with most nitrogen sources that were repressive for the wild-type ( Table 4) .
The glutamate-synthase-deficient strain glu-2 showed low GS and urease values during growth with glutamate, but both activities were increased if a very poor nitrogen source, such as proline, was employed.
The glutamine auxotroph gln-4, devoid of GS activity, was unable to derepress urease, not only during growth in the presence of glutamine, but even after prolonged nitrogen starvation that caused urease synthesis in the wild-type (Table 6 ). In order to distinguish whether the lack of urease formation was due to a regulatory phenomenon or to an impairment in protein synthesis caused by the glutamine requirement, nitrogen starvation was also imposed in the presence of maltose. Under these conditions, both the wild type andgln-4 could induce maltase, but urease remained repressed in gln-4 (Table 6 ).
DISCUSSION
The previously observed dependence of GS formation on the available nitrogen source and its repression by ammonium was complicated by the simultaneous finding of a mechanism of GS inactivation (Braiia et al., 1986). To make sure that the effect of nitrogen was mainly exerted on enzyme formation, and not on its activity, we tried to fully reactivate the enzyme in crude extracts in order to obtain more reliable values of GS concentration. SVPDE treatment resulted in complete recovery of activity in crude extracts of ammonium-shocked cells, which indicates that GS inactivation is mediated by covalent modification. Adenylylation is the most likely type of modification, as has been described in many bacteria, including Streptomyces (Streicher & Tyler, 1981; Xia & Jiao, 1986) , although the possibility of a different type of modification involving a phosphodiester linkage cannot be excluded by our data. The relatively reduced levels of modification found during exponential growth with different nitrogen sources (up to 21 % increase in activity after SVPDE treatment) cannot explain the broad variations in GS activity. Therefore, these changes are likely to reflect differences in enzyme synthesis, as suggested for Streptomyces cattleya by Paress & Streicher (1985) .
Iwaddition to GS, we have studied a variety of nitrogen compounds whose catabolism has often been found to be under nitrogen control in other bacteria. For example, ammonium repression of the catabolic enzymes involved in proline utilization has been described Meile et al., 1982) . S . clavuligerus did not behave in this way, as ammonium neither prevented proline consumption, nor repressed the activity of proline dehydrogenasd.
Histidase and urocanase activities were detected in crude extracts of S. clavuligerus,' and their induction by histidine suggested a role in the catabolism of this amino acid. These enzymes, particularly histidase, are among the best-known examples of nitrogen regulation in Klebsiella aerogenes (K. pneurnoniae), where they are induced in the presence of histidine and repressed by ammonium . No such repression was found in S. clauuligerus, in accordance with previous observations in S. coelirolor (Kendrick & Wheelis, 1982) and S. griseus (Kroening & Kendrick, 1987) , indicating that nitrogen control is not involved in histidine utilization in these species.
The utilization of threonine as sole nitrogen source by S. clauuligerus may occur by deamination and subsequent assimilation of the resulting ammonium, as suggested by the absence of growth with threonine in mutants lacking glutamate synthase (Braiia et al., 1986) . At least one enzyme activity, threonine dehydratase, which can carry out that deamination, was detected in crude extracts, together with a similar activity acting on serine. No indication of ammonium repression was found with either of these enzymes and, although it is unclear whether the threonine dehydratase activity represents the actual pathway of threonine catabolism, the data on nitrogen source consumption ruled out a strong effect of ammonium on the utilization of threonine. It should be mentioned, however, that interspecific differences are likely to occur, as threonine dehydratase has been reported to be ammonium-repressed in S. fradiae (Vancura et al., 1988) .
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Arginine is used as a nitrogen source by wild-type S. clavuligerus and mutants devoid of glutamate synthase (Braiia et al., 1986) . These mutants, however, failed to grow on arginine in the presence of ammonium (data not shown), which may be interpreted as evidence of nitrogen control of arginine degradation (Pahel et al., 1978) . Indeed, ammonium interfered with arginine utilization, and at least two enzymes involved in the catabolism of this amino acid are regulatory targets. Arginase activity has been reported in S. clavuligerus and found to be induced by arginine (Romero et al., 1986) . Our results confirmed this observation and also indicated that nitrogen control participates in arginase regulation, as described in other micro-organisms (Baumberg & Harwood, 1979; Broman et al., 1978) . The next enzyme in the arginase pathway, OAT, is also arginine-induced and controlled by nitrogen in some bacteria (Baumberg & Harwood, 1979; Friedrich et al., 1978) . In S. clavuligerus this enzyme was also found to be controlled according to the nitrogen status of the cells, reflected by the GS levels, but no induction by arginine was observed.
Regulation of urease formation follows a characteristic pattern in many micro-organisms : urea is not required as an inducer and the enzyme is produced at high levels during nitrogenlimited growth but repressed under conditions of nitrogen excess (Friedrich & Magasanik, 1977; Janssen et al., 1981 ; Kaltwasser et al., 1972; Patterson & Hespell, 1985; Smith et al., 1981) . This was the behaviour observed in S. clavuligerus, where urease levels exhibited dramatic changes as a function of the nitrogen source.
The correlation observed between GS and the levels of some nitrogen catabolic enzymes in S . clavuligerus prompted us to study the behaviour of mutants altered in the formation of GS. A modified control of those enzymes would be expected if a regulatory relationship with GS existed. This was confirmed first with mutant M15, where the apparent pleiotropic derepression of GS caused by the alanine dehydrogenase mutation (Braiia et al., 1986) was accompanied by a simultaneous derepression of urease. The coordination was maintained in the strain glu-2, while in the glutamine auxotroph strain gln-4 the lack of GS activity was also correlated with the inability to derepress urease, even after nitrogen starvation. It is interesting to note that in bacteria known to possess systems of nitrogen control, some mutations cause a particular phenotype (usually known as N tr-) characterized by the inability to express enzyme activities controlled by nitrogen and, very often, a glutamine requirement (Magasanik, 1982; Merrick, 1988) , which resembles the characteristics of the strain gln-4.
The results obtained with S. clavuligerus indicated that the activities of at least four enzymes involved in nitrogen nutrition are controlled according to the nitrogen source supplied to the cultures and all four are decreased by ammonium. The regulation of GS and urease changed coordinately in three ammonium-assimilation mutants, which can hardly be explained by the presence of multiple mutations in every case. Therefore, a system of nitrogen control linked to the pathway of assimilation of ammonium, a common phenomenon in Gram-negative bacteria but virtually unknown in Gram-positive micro-organisms, may exist in this species. Further evidence that reinforces this hypothesis is provided in the accompanying paper (Bascariin et al., 1989) .
In preliminary observations in S. coelicolor A3(2) we have found that neither arginase nor nitrate reductase is ammonium-repressed, but GS and urease activities changed moderately as a function of the nitrogen source (unpublished results), which agrees with a recent report on this species (Wray & Fisher, 1988) . A defect in nitrogen assimilation that might be related to nitrogen control has been reported in a closely related strain, S. lividans, in association with genetic instability (Dyson & Schrempf, 1987) . These data, taken together with the observations in other strains mentioned in the Introduction, suggest that a mechanism of nitrogen control may be common in streptomycetes. However, even among bacteria that share the ntr system of nitrogen control, there is variation in the regulation of particular pathways involved in the catabolism of nitrogen compounds (Merrick, 1988) , and such variation is likely to occur in streptomycetes also. 
